The influence of the rotor time constant mismatch on the stability of induction motors under indirect field oriented control is analyzed. The paper focuses on the global asymptotic stability property and extends the results of [3]. A global stability criterion based on the solution of an LMI problem is given. Robustness margins for global asymptotic stability with respect to rotor time constant mismatches are obtained using this criterion.
of induction motors

A.S. Bazanella'
been studied in [7, 3, 81 . The robustness of this prope r t y h IFOC against mismatches in the rotor time constant has been established in [7] by means of a suited Lyapunov function. An improvement in this Lyapunov function has allowed to derive explicit formulae to conclude about robust global asymptotic stability in [3]. A passivity based analysis has been used in [SI to conclude about robust global asymptotic stability in the special case of zero load operation.
In this paper we characterize a class of Lyapunov functions for IFOC drives in speed regulation tasks. Section 2 formulates the problem and provides the complete model for the induction motor with IFOC; the model is valid both for proportional-integral rotor speed regulation and for rotor position regulation through proportional-derivative control. The model is parameterized in the rotor time constant mismatch, which allows for the robustness analysis. In section 3 ;tn explicit condition to conclude about global asymptotic stability is provided, which also yields a test for robustness of the global stability property regarding rotor time constant mismatches. This tool is explored in section 4 to obtain robust global asymptotic stability margins with respect to rotor time constant mismatches in an example, showing that it is much less conservative than the ones previously presented [7, 31. Finally, section 5 provides a discussion on the results obtained.
Problem statement
We consider the current fed induction motor model expressed in a reference frame rotating at synchronous speed. In terms of state variables, this model can be written as [12, 10, 51
(1)
where x 1 and x 2 represent the q-axis and d-axis rotor fluxes, respectively, w is the rotor speed, u 1 , u 2 and u 3 stand for the inputs -the slipping frequency, the daxis and q-axis stator current components, respectively;
T,,, is the load torque, which is assumed constant, and the "c" parameters are all positive. In particular, c1 represents the inverse of the rotor time constant, which is a critical parameter for indirect field oriented control.
In speed regulation applications the indirect field oriented control strategy is usually applied along with a PI speed loop as described by the following equations [12, 71:
I'
where i.1 is an estimate for the inverse rotor time constant c1, k, and k; are the gains of the PI speed controller, wref is the constant reference velocity and us is a constant which defines the flux level. Equations (4) and (5) represent the field orientation control, while (6) is the proportional-integral speed controller.
The knowledge of c1 is the key issue in IFOC. If E l = c1, that is, if we have a perfect estimate of the rotor time constant, we say that the IFOC is tuned, otherwise it is said to be detuned. Accordingly, we define
as the degree of tuning. It is clear that IC > 0 and the IFOC is tuned if and only if K = 1.
We parameterize the closed-loop system (1)-(3) with the control (4)-(6) (see Figure 1) in terms of the degree of tuning n, yielding a fourth-order system that can be described as:
where For position regulation equation (6) is substituted by a , proportional-derivative controller:
920
The equilibria are parameterized in terms of a single dimensionless quantity r , which satisfies equation (15). This is a third order polynomial equation whose coefficients are also dimensionless and depend only on the degree of tuning n and the motor load as denoted by T*.
The real solutions of equation (15) give the equilibrium values of T for any given degree of tuning -n -and any given load -r*. Equation (15) has at least one and at most three real solutions, depending on the particular values of K and T * . The complete characterization of the equilibria was given in [3], where it was shown that equation (15) has a unique real solution for any load if and only if K 5 3. Hence, global asymptotic stability can be obtained for d load only within this range of parameter mismacth. This is also the practical range of this parameter in most drives, as practical variations of the rotor time constant due to temperature and load variations are usually within 200% [9] . Accordingly, since in this paper we are mostly concerned with global asymptotic stability, we consider only the parameter range K x r* E {(O,3) x R}.
We look for establishing allowable margins for the degree of tuning K which preserve global asymptotic stability for given PI settings and loading conditions. Hence, for each operating condition the system equation presents two terms: a linear term due to A0 and a bilinear term given by Ai.
Let us take a quadratic Lyapunov candidate: The conditions (23), (22) and (24) define a class of Lyapunov functions for the system (17). Other Lyapunov functions proposed in earlier works [7, 3] are also quadratic and can be easily shown to satisfy these conditions (which has been proven necessary in the above theorem), therefore being particular cases belonging to this class.
These conditions are in the standard form of linear matrix inequalities and equalities (LMI's and LME's) and as such can be solved with standard software [6]. They provide a simple verification procedure to conclude about global asymptotic stability for any particular IFOC induction motor drive in any particular operating condition. They also provide a way to characterize robust global asymptotic stability margins with respect to K for such systems, i.e., for a given PI setting and loading condition find, if possible, a range of K for which global asymptotic stability of system (17) 
An example
Theorem 1 provides a test for global stability which can be applied for any motor in any operating condition. The matrix equations in the test depend on all the parameters of the driving, which can be divided into four sets: In order to get a better insight to the problem and establish typical robustness margins, we apply the global stability test to data taken from a real induction motor. We aim to study, for a given motor and a given setting of the PI speed loop, what is the region of the parameter plane K x T* for which global stability is achieved.
To this end, we apply the test with the c parameters, kp and ki fixed, varying 6 and T* in the set of practical
Furthermore, we perform this procedure for Merent settings of the PI speed loop, in order to verify its influence on the robustness of the global stability. The PI parameters are usually set in order to provide a desired performance to the system under the assumption of perfect tuning (6 = 1). Accordingly, we refer to the PI settings with regard to the transient performance they provide to the tuned system, normalized to the 10-tor time constant. We assume that the PI is set so that the tuned system's transient response is over damped and is ' 1 times faster than the rotor time constant c1.
Then the parameter is used to represent the PI set- We take data from a three phase induction motor, with 1 HP nominal power output and 220 V nominal line voltage. The parameters of the motor are given in the Appendix. Let the parameters of the PI be chosen such that the transient response of the tuned system is over damped and dominated by a time constant which is half the rotor time constant, that is, 7 = 2. Then we apply the global stability test for 6 and T* varying in steps of 0.1. Figure 2 shows the region of the parameter space K x T* for which the test gives a positive answer: the lower plot shows the results obtained with the LMI/LME criterion in this paper; the results obtained with the criterion in [3] are shown in the upper plot. The operating point is guaranteed to be globally asymptotically stable for all load and parameter mismatch in the dotted region.
One can see that the range of parameters for which g.a.s. is guaranteed is larger with the proposed LMI/LME criterion. As faster response is assigned through the PI settings, this difference becomes larger, as shown in Figures 3 , 4 and 5, which show the cases for 7 = 5, = 10 and 7 = 18. For faster system's response the new LMI/LME is far less conservative.
For moderate values of 7 , that is, when the system is not made too fast by the PI settings, global asymptotic stability is guaranteed for most practical values of 6 and T * . As the system is made faster, the range of parameter values for which g.a.s is guaranteed gets smaller, particularly for K < 1. For 7 = 18 this range is much smaller than the practical range of interest. Recall that for 71 > 18 not even local stability is guaranteed in general. 5 
Concluding remarks
We have provided a test for robust global asymptotic stability which can be easily implemented provided the physical parameters of the motor are known. This test provides allowable margins of errors in the rotor time constant for any given IFOC drive. LMI/LME test. LMI/LME test. LMI/LME test.
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